*Mycobacterium tuberculosis* (*Mtb*), the causative agent of tuberculosis (TB), is a highly successful human pathogen and has infected approximately one-third of the world's population.^[@ref1]^ TB infection in most industrialized countries was once controlled by highly successful antibiotics. However, multiple drug resistant (MDR) and extensively drug resistant (XDR) TB strains have emerged as a pandemic, and in combination with HIV coinfection, the consequences for global health are severe.^[@ref2]^ Despite the worldwide efforts to discover new anti-TB therapeutics, only one new compound, bedaquiline,^[@ref3]^ has been added to the anti-TB arsenal since 1970. Therefore, new drugs targeting novel pathways are urgently needed to combat TB, one of the most neglected diseases in the 21st century.

The *Mtb* cholesterol metabolism pathway presents opportunities for new drug discovery.^[@ref4],[@ref5]^ An 82-gene cluster in *Mtb* encodes the majority of the cholesterol catabolism enzymatic pathway.^[@ref5]^ Mutant *Mtb* strains lacking the ability to uptake and metabolize cholesterol fail to establish an effective infection in mouse models.^[@ref6]−[@ref8]^ Most cholesterol catabolic genes are up-regulated during infection of human macrophages by *Mtb*.^[@ref9]^ Recently, a phenotypic macrophage screen carried out by VanderVen and co-workers^[@ref10]^ identified a large set of inhibitors targeting cholesterol metabolism in *Mtb*, emphasizing the importance of the cholesterol metabolic pathway as a potential drug target.

FadA5 is encoded in the 82-gene cholesterol catabolism cluster and catalyzes the thiolytic cleavage of β-keto-acyl-CoA thioesters.^[@ref4],[@ref11]^ Structural and biochemical characterization established that FadA5 is a degradative thiolase, and we identified the thiolytic cleavage of cholesterol β-keto-acyl-CoA side chain intermediates as the physiological function of this enzyme.^[@ref11]^

Sequence and structural alignments of FadA5 with other thiolases reveal that the catalytic residues^[@ref12]^ are conserved in FadA5 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Specifically, Cys93 is the nucleophile that attacks the β-keto carbonyl moiety of the steroid acyl-CoA; Cys377 and His347 function as general acid/base residues. In addition to the catalytic cysteines in FadA5, there is a third cysteine in the active site, Cys91. Cys91 is located near the nucleophilic Cys93, but the thiol of Cys91 is oriented away from Cys93. Interestingly, Cys91 and Cys59 are conserved only among FadA5 orthologs and are not present in other thiolases ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The orthologs are found primarily in the actinomycetales genuses of mycobacteria, rhodococci, gordonia, and pseudonocardia.

![Cysteine conservation in thiolases. (A) Catalytic mechanism of FadA5 thiolase. (B) Sequence alignments of thiolases from different species. The conserved catalytic residues (Cys93, His347, and Cys377) are highlighted in yellow and labeled on the basis of the amino acid numbering in FadA5. Cys 59 and Cys 91 are only present in FadA5 orthologues and are highlighted in cyan. Disulfide bonds are present in *Arabidopsis thaliana* (blue), *Clostridium acetobutylicum* (green), and *Mycobacterium tuberculosis* (red). (Sequence alignments were obtained using Clustal Omega. Next to the protein sequences, PDB codes, if structures are available, or NCBI Reference Sequence Project accession numbers were added.)](id-2017-00072q_0006){#fig1}

A peroxisomal thiolase from *Arabidopsis thaliana* forms a disulfide bond between the nucleophile Cys138 and Cys192, a noncatalytic cysteine ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).^[@ref13]^ The formation of the disulfide bond necessarily eliminates the catalytic activity of the thiolase. The reduction midpoint of the Cys138-Cys192 disulfide bond is −283 mV, suggesting tight control of the thiolase activity by the redox environment in the plant peroxisome.^[@ref14]^ Similarly, the biosynthetic *Clostridium acetobutylicum* thiolase forms a reversible disulfide bond between its two catalytic cysteine residues, the nucleophile Cys88 and the general base/acid Cys378 ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B).^[@ref15]^ The disulfide bond has a reduction potential of −270 mV and acts as a redox switch to control the production of butanol versus acetic acid in *Clostridium acetobutylicum* as a function of the cellular metabolic state.^[@ref15]^ These studies suggest disulfide bond formation in thiolases as a physiologic control mechanism. However, different structural motifs are utilized depending on the physiological context.

During infection, *Mtb* experiences a wide range of host-generated stresses accompanied by changes in intracellular redox potential.^[@ref16]^ The precedent of redox control through disulfides in plants and bacteria inspired us to explore whether FadA5 disulfide bond formation can act as a switch to control the cholesterol degrading capacity. Here, we report the redox control of FadA5 catalytic activity that results from reversible disulfide bond formation between Cys59-Cys91 and Cys93-Cys377. The midpoint potential of FadA5 is the same as the intracellular mycothiol potential of *Mtb* in the activated macrophage. This equivalence suggests disulfide control as a motif for rapid *Mtb* response to environmental challenges from the host macrophage to control propionyl-CoA production.

Results and Discussion {#sec2}
======================

The Thiolytic Activity of WT FadA5 Is Sensitive to Oxidation {#sec2.1}
------------------------------------------------------------

We tested whether FadA5 catalytic activity is modulated by disulfide formation. The catalysis of thiolysis by FadA5 was monitored by MALDI-TOF analysis.^[@ref11]^ We found that incubation of WT FadA5 in oxidizing buffer (10 mM cystamine, CSSC, 25 °C) for 10 min abolished the catalytic activity of FadA5 ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). Ultrafiltration and resuspension of CSSC-treated WT FadA5 in reducing buffer (20 mM cysteamine, CSH, 25 °C) for 10 min fully restored the thiolytic activity as determined by specific activity measurements and product analysis ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). Thus, we conclude that the catalytic activity of WT FadA5 is sensitive to oxidizing conditions and that oxidation is reversible.

We performed the same oxidation--reduction experiment with the C91A mutant of FadA5. Oxidation did not abolish the catalytic activity of the C91A mutant ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). Mutation of Cys91 to Ala thus prevents the oxidation of the essential catalytic site residues C93 and C377. The C93A and C377A mutants are catalytically inactive, and therefore, analogous oxidation--reduction experiments could not be performed with these mutants.

Protein Secondary Structure and Stability {#sec2.2}
-----------------------------------------

Upon observing that FadA5s catalytic activity is sensitive to the oxidizing potential of the assay buffer, we analyzed whether FadA5 undergoes significant conformational changes.

The CD spectra of the wild-type protein as well as the spectra of the C93A and the C91A mutants were normalized to the same concentration based on molar absorptivity. The spectra clearly show that the WT and mutant proteins do not differ in their overall secondary structure elements ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Furthermore, a comparison of the CD spectra of the wild-type protein in the fully oxidized and reduced states shows that there are no significant changes in secondary structure upon oxidation ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Regardless of their oxidation state, the WT, C91A, and C93A proteins display the same circular dichroism minima^[@ref17],[@ref18]^ at 208 and 222 nm ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).

![WT and mutant proteins do not differ significantly in their overall secondary fold whether oxidized or reduced. Oxidation or reduction of WT, C91A, or C93A FadA5 does not change the overall secondary structure. (A) Superposition of the buffer corrected and normalized CD spectra for the following oxidized samples: WT (green), C93A (orange), and C91A (blue). The native WT spectrum is shown for comparison (black). (B) Superposition of the buffer corrected and normalized CD spectra for the following reduced samples: WT (green), C93A (orange), and C91A (blue). The native WT spectrum is shown for comparison (black).](id-2017-00072q_0001){#fig2}

The melting temperature of each protein was assessed under both reducing and oxidizing conditions using a thermofluor assay. Two different buffer types were used to ensure that the protein's stability was not influenced by the respective buffer systems used for crystallization and CD measurements. The melting temperature of the WT protein and the two mutants differed. Whereas, the WT protein displays the highest melting temperature (*T*~m~) at ∼65 °C regardless of the buffer system (20 mM bicine--NaOH, pH 8.5, 250 mM NaCl, or 10 mM potassium/sodium phosphate, pH 7.5), the C91A mutant has a slightly lower melting temperature compared to the WT protein with a *T*~m~ of 63 °C. In contrast, the C93A mutant has a melting temperature which is reduced by almost 10 °C with a *T*~m~ of 55 °C. Interestingly, the addition of reducing or oxidizing agents such as cystamine, cysteamine, hydrogen peroxide (data not shown), or potassium hexacyanoferrate (II) (data not shown) did not further influence the melting temperature of the WT protein or the mutants.

The Formation of Two Disulfide Bonds Is the Cause of FadA5 Oxidative Inactivation {#sec2.3}
---------------------------------------------------------------------------------

We obtained crystals of apo FadA5 in the hexagonal space group, *P*6~3~22, with cell dimensions of *a* = *b* = 120.3 Å and *c* = 206.0 Å at 2.2 Å resolution ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Previously, we described the structure of FadA5 in its apo form which crystallized in the tetragonal *P*4~1~2~1~2 space group (PDB entry 4UBW) as well as in the presence of different ligands (PDB entries 4UBV, 4UBU, and 4UBT).^[@ref11]^ The published apo FadA5 structure is referred to as apo I and the new apo structure reported here will be referred to as apo II in the following discussion.

###### 

[a](#t1fn5){ref-type="table-fn"}

                                                            FadA5 WT apo structure II (oxidized)                                      FadA5 WT apo II, anomalous data
  --------------------------------------------------------- ------------------------------------------------------------------------- ---------------------------------
  Relevant Buffers                                                                                                                    
  protein buffer                                            60 mM bicine--NaOH, pH 8.5, 250 mM NaCl                                   
  crystallization condition                                 0.1 M citrate, pH 5.5, 0.7 M (NH~4~)~2~HPO~4~, 0.3 M NaCl                 
  cryoprotectant solution                                   0.1 M citrate, pH 5.5, 1.0 M (NH~4~)~2~HPO~4~, 0.2 M NaCl, 25% glycerol   
  Data Collection                                                                                                                     
  wavelength (Å)                                            0.8726                                                                    1.8000
  temperature (K)                                           100                                                                       100
  space group                                               *P*6~3~22                                                                 *P*6~3~22
  unit cell parameters                                                                                                                 
  a/b/c (Å)                                                 120.3/120.3/206.0                                                         119.8/119.8/205.6
  α/β/γ                                                     90°/90°/120°                                                              90°/90°/120°
  resolution (Å)                                            46.17--2.2                                                                46.30--2.65
  number of FadA5 molecules                                 2                                                                         2
  total reflections                                         451 732 (37 977)                                                          626 808 (5990)
  unique reflections                                        46 018 (3897)                                                             21 619 (1016)
  completeness (%)                                          100.0 (100.0)                                                             83.0 (31)
  redundancy                                                9.8 (9.7)                                                                 29 (5.9)
  ⟨*I*/σ(*I*)⟩                                              15.2 (2.6)                                                                32.2 (1.2)
  *R*~merge~[b](#t1fn1){ref-type="table-fn"} (%)            10.0 (90.9)                                                               8.40 (100.1)
  Wilson B factor (Å^2^)[c](#t1fn2){ref-type="table-fn"}    39.0                                                                      54.3
  Refinement                                                                                                                          
  total number of atoms                                     5606                                                                       
  *R*~work~/*R*~free~ (%)                                   18.4/22.5                                                                  
  RMSD                                                                                                                                 
  bond angle (deg)                                          1.6                                                                        
  bond length (Å)                                           0.015                                                                      
  average B factor (Å^2^)[d](#t1fn3){ref-type="table-fn"}   72.9                                                                       
  chain A                                                   49.1                                                                       
  chain B                                                   102.2                                                                      
  most favored (%)                                          98.0                                                                       
  allowed (%)                                               2.0                                                                        
  disallowed (%)                                            0.0                                                                        
  PDB code                                                  5ONC                                                                       

Values in parentheses refer to the highest-resolution shell.

*R*~merge~ = Σ~*hkl*~Σ~*i*~\|*I*~*i*~ -- ⟨*I*⟩\|/Σ~*hkl*~Σ~*i*~*I*~*i*~.

Truncate.^[@ref19]^

B average.^[@ref20]^

Apo I FadA5 (PDB entry 4UBW) assumes a typical thiolase fold^[@ref13]^ with three subdomains. The N- (I) and the C-terminal (III) subdomains are very similar as they both comprise a central β-sheet, consisting of β-strands β1, β3, β4, β5, and β8 in the N-terminal subdomain and β9, β10, β11, and β12 in the C-terminal subdomain. The β-sheet is surrounded by α helices α1, α2, and α3 in subdomain I and α8, α9, and α11 in subdomain III. In contrast to these two subdomains, the third subdomain, II or lid subdomain, displays a more extended structure with two shorter β-strands, β6 and β7, and three α-helices, α4, α5, and α6. It is located on top of subdomains I and III and occludes the catalytic triad, C93, H347, and C377, from the solvent. This overall fold was observed for all previously analyzed FadA5 structures with or without ligand bound in the catalytic site.

The apo II structure (PDB code 5ONC) contains two FadA5 molecules per asymmetric unit with 366 residues in chain A and 359 residues in chain B. Like the apo I structure, a large disordered region, comprising residues V126 to H147 (chain A) and S124 to P149 (chain B) is not resolved. The data were refined to *R*~work~ and *R*~free~ values of 18.4% and 22.5%, respectively. Validation of the apo II structure proved to be difficult as significant problems in geometry and clashing were observed. The overall electron density of monomer B was not as well-defined compared to monomer A, so that many side chains lack electron density and the monomer has a total of three gaps in the polypeptide chain. This undefined and partially noncontinuous electron density probably reflects enzyme regions with higher atomic disorder, which is also indicated by extraordinarily high atomic B factors, especially for chain B ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The differences in electron density between molecule A and B are also reflected by the differences in crystal contacts. Whereas the crystal contacts of molecule A amount to a surface area of 1388 Å^2^, the contacts for molecule B only amount to 991 Å^2^, indicating less ordered packing for molecule B supporting higher flexibility.

A comparison of the two FadA5 apo structures with each other by a superposition of monomers A of each dimer clearly shows that the individual subunits are quite similar; however, the position of the B monomer relative to the A monomer is shifted significantly between these structures ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}A,B). This shifted orientation of the two monomers relative to each other is especially evident in a comparison of the respective B chains ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}B). The apo II structure employs a slightly altered order of the secondary structure motifs compared to the apo I structure ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D). A smaller β-strand is not formed; some 3~10~ helices are missing, as for example the catalytic C93 harboring η3, and helix α3 is shortened by four amino acids.

![Comparison of the FadA5 apo structures and illustration of the domain architecture of the oxidized enzyme. (A) Superposition of the two apo structure dimers, apo I (PDB entry 4UBW) with chain A, green, chain B, magenta; apo II (this publication) with chain A, blue, chain B, yellow in cartoon presentation. The monomers of apo I are related to each other by the indicated 2-fold axis. A conversion between the monomers of the apo II structure by the same axis is not possible. The N-termini of the monomers are indicated except for the N-terminus of the B chain within the apo II structure since it is not visible in this orientation. (B) Position of the two B chains resulting from the superposition of the A chains. The magenta (apo I) and the yellow (apo II) monomer are not congruently superimposed when A chains are aligned. They are in a different orientation with respect to monomer A, and thereby, the proteins form two different dimer interfaces. (C) The subdomain structure of the oxidized FadA5 apo II monomer is shown as a cartoon, consisting of the N-terminal subdomain (I, yellow), the lid subdomain (II, green), and the C-terminal subdomain (III, blue). The brackets highlight the swapped domain consisting of the α2-turn-ß3 motif (η = 3~10~helix). (D) The subdomain structure of the apo I monomer is shown as a cartoon, consisting of the N-terminal subdomain (I, orange), the lid subdomain (II, blue), and the C-terminal subdomain (III, green). The monomer orientation is chosen according to panel C. Due to this orientation, η4, η6, and ß10 are not visible. The swapped domains here comprise the α2-turn-ß4 motif (η = 3~10~helix).](id-2017-00072q_0002){#fig3}

Intriguingly, a domain swap, of the η1-α2-β4 (α2-β3 in the new structure) motif with respect to subdomain I is observed ([Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [S2A,B](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). This domain swap leads to the formation of an extra protein interface between the two monomers but results in the absence of η1 and η3 as well as the shortening of α3 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}C,D). The domain swap is confirmed by continuous electron density ranging from residues D68 to C91 ([Figure S2B](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). Residues at the beginning of the swapped domain are not resolved (Q62 to S67 in chain A and F63 to Q66 in chain B), but residues T88 to C91, which adopt a different fold compared to the apo I structure, are clearly defined ([Figure S2B](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)).

![The oxidized structure shows a swapped domain caused by the formation of a disulfide bond. (A) Superposition of the apo structures' A chains (apo I, green; apo II; blue) is shown in transparent cartoon presentation. According to our activity data, the green monomer is active, and the blue monomer is inactive. The nontransparent secondary structure motifs, η1-α2-turn-ß4 (green) and α2-turn-ß3 (blue), are the regions of FadA5 which are swapped when comparing the apo I (active) with the apo II (inactive) protein structure. Arrows 1 indicate the starting and the end points of the reoriented domain (blue). The green domain is folding back to chain A, whereas the blue domain is pointing away from its monomer and forms an additional interface with chain B of the here described new apo II structure. (B) The apo II dimer is shown in cartoon presentation with the swapped domains being highlighted in black. The cysteines, which are forming the disulfide bonds (C59--C91 and C93--C377) in each monomer, are shown in stick presentation. Chain A is shown as transparent blue and chain B as transparent yellow cartoon. (C) Zoom of (B) to the residues that are forming the disulfide bonds in each monomer. (D) Superposition of the catalytic residues and the disulfide bond forming cysteines of the apo structures I (active, green) and II (inactive, blue) from chain A in stick presentation in the respective color code. The swapped domains of the apo II (inactive, blue) and apo I (active, green) structure of chain A are shown.](id-2017-00072q_0003){#fig4}

The buried surface area, resulting from dimer formation of each apo structure, was calculated with the PDBePISA server.^[@ref22]^ The dimer interface of the apo I structure buries 1969 Å^2^, which is comparable to the 2087 Å^2^ buried in the apo II structure. The similarities in the buried surface area are consistent with the equivalent *T*~m~'s of the reduced and oxidized WT FadA5s. If the domain swap is omitted, a hypothetical dimer interface would only comprise a buried surface area of approximately 700 Å^2^. This area is comparably low, with respect to the dimer interface in the apo I structure, but also following the definition of protein interfaces by Kim et al.^[@ref23]^ This clearly reduced buried surface area would most likely not provide sufficient stabilization for the dimer, and it is therefore likely that the domain swap is required to maintain the dimer. The formation of two disulfide bonds, one between C59 and C91 and the second between C93 and C377, accompanies this domain reorientation ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B,C) which involves a repositioning of the catalytic cysteines relative to the cysteine positions in the apo I structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}D). In contrast, the location of H347 is not affected. We confirmed the location of the disulfide bonds by generating and analyzing an anomalous electron density map, for which a data set was collected at a wavelength of 1.80 Å ([Figure S2C,D](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)).

Interestingly, a difference in dimer formation was also observed in the oxidized and reduced structures of an *Arabidopsis thaliana* 3-ketoacyl-CoA thiolase.^[@ref13],[@ref14]^ While the reduced form of the *A. thaliana* thiolase dimer is very similar to the reduced form of the FadA5 dimer, the oxidized form of the *A. thaliana* thiolase dimer displays a significantly different orientation of the two monomers relative to its reduced state and also differs with respect to the oxidized FadA5 structure. In addition, the oxidized *A. thaliana* dimer does not display a domain swap as observed in the oxidized FadA5 structure and only harbors one disulfide bond which can be expected since C59 and the C91 × 92C93 sequence is only conserved in FadA5 orthologs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

The Reduction Potential of WT FadA5 Is Poised at −223 mV {#sec2.4}
--------------------------------------------------------

We undertook the determination of the midpoint reduction potential of WT FadA5 by measuring the catalytic activity at different solution redox potentials at pH 7.0. The initial rate of thiolysis using 3,22-dioxo-chol-4-ene-24-oyl CoA and CoA as substrates was measured as a function of the redox potential.

The midpoint reduction potential of WT FadA5 is −223 ± 3 mV ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A). This result was consistent with the product analysis by MALDI-TOF spectrometry ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)) in which the catalytic activity is lost under oxidizing conditions and can be restored upon subsequent reduction.

![Redox control of WT and C91A FadA5's catalytic activity. (A) Percentage of reduced WT FadA5 as a function of its solution reduction potential at pH 7.0. The midpoint reduction potential is determined to be at −223 ± 3 mV. Error bars are standard error of measurement. (B) Relative catalytic activity of WT and C91A FadA5 at different solution reduction potentials, pH 7.0. Catalytic activities are normalized to WT FadA5 activity at −316 mV.](id-2017-00072q_0004){#fig5}

Poising FadA5 Midpoint Potential at −223 mV Requires Two Disulfides {#sec2.5}
-------------------------------------------------------------------

We undertook an assessment of the C93--C377 active site disulfide midpoint potential in the absence of the C59--C91 disulfide utilizing a C91A mutant to block the C59--C91 disulfide formation and monitored the catalytic activity as a function of the solution redox potential.

The activity of the C91A mutant did not change when the reduction potential was raised to −225 from −320 mV. The C91A FadA5 catalytic activity decreased moderately (∼30%) when the reduction potential was raised above −202 mV. On the basis of the catalytic activity, the active site C93--C377 disulfide of the C91A mutant was not fully formed even at −180 mV, the most oxidizing potential tested ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}B). This result was consistent with the earlier product analysis by MALDI-TOF spectrometry ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf)). Therefore, mutation of Cys91 to Ala prevents not only the formation of the C91--C59 disulfide but also oxidation of the essential active site residues C93 and C377. We conclude that the formation of the C91--C59 disulfide is required for the oxidation of the catalytic cysteines C93 and C377.

The C93A mutant is catalytically inactive, and formation of the C59--C91 disulfide could not be monitored by activity measurements. We attempted to use intrinsic tryptophan fluorescence to monitor environmental changes associated with disulfide formation. However, due to the combination of multiple oxidation intermediates and domain swapping, spectral shifts could not be correlated with disulfide bond formation. Therefore, we were unable to assign a midpoint potential for the isolated C59--C91 disulfide.

Previously identified thiolases with a redox switch control mechanism only comprise one intramolecular disulfide bond with a midpoint potential at a more reducing level: −270 to −283 mV.^[@ref14],[@ref15]^ The combined motifs of two intramolecular disulfide bonds and a domain interface swap appear to shift the FadA5 activity midpoint to a more oxidizing potential (−223 mV). The elevation of the midpoint potential in the C91A mutant implies that formation of the C59--C91 disulfide bond is a prerequisite for the rearrangement of C93 and C377 into conformations compatible with disulfide bond formation as observed in the crystal structure. The absence of this two disulfide motif and α2-turn-β3 motif in thiolases, other than FadA5s, indicates a unique adaptation. In the case of *Mtb*, the essentiality of *fadA5* for growth on cholesterol^[@ref4]^ suggests cholesterol utilization is adjusted for intracellular survival in the cholesterol-rich host environment.

The Reduction Potential of FadA5 Suggests *in Vivo* Catalytic Activity Can Be Sensitively Adjusted in Response to Environmental Changes {#sec2.6}
---------------------------------------------------------------------------------------------------------------------------------------

*Mtb* is an intracellular pathogen that is phagocytosed by the host macrophage. *Mtb* resides and replicates in the host phagoendosome, and lysosomal fusion is arrested. In the macrophage, *Mtb* encounters numerous stresses imposed by host defense mechanisms, such as hypoxia, starvation, reactive oxygen intermediates (ROI), reactive nitrogen intermediates (RNI), and acidic pH.^[@ref24],[@ref25]^ The mycothiol reduction potentials^[@ref26]^ (*E*~MSH~) of mycobacteria residing inside macrophages range from reducing (−300 ± 6 mV) to basal (−275 ± 5 mV) or oxidizing (−240 ± 3 mV) levels. The fraction of the mycobacterial population at a specific potential varies with the stage of infection and state of the macrophage.

In resting macrophages, the drop in phagosomal pH extracellular to the mycobacterium signals a shift to generate more mycothiol (MSH), thereby reducing the internal mycobacterial reduction potential. Generation of additional MSH is accomplished through the biosynthesis of MSH and/or the reduction of mycothiol disulfide (MSSM) to MSH by mycothiol disulfide reductase.^[@ref16]^ The shift to reductive *E*~MSH~ is accompanied by induction of lipid anabolism gene expression in the mycobacterium. With a midpoint reduction potential at −223 mV, FadA5 is expected to be fully active when the mycobacterium shifts to a reducing *E*~MSH~. This reductive potential would ensure full FadA5 catalytic activity, thereby maximizing *Mtb* β-oxidation of the cholesterol side chain to provide sufficient lipid precursors, e.g., acetyl-CoA and propionyl-CoA, and reductants, NADH/NADPH, for lipid anabolism, as well as ATP generation in the mycobacterium.

In the activated macrophage, *Mtb* is in an acidic vacuole with a pH of ∼4.5 and the synergistic effect of acidic pH with ROI and RNI generation by the activated macrophage results in a shift to a larger population of mycobacteria with an oxidizing *E*~MSH~.^[@ref26]^ When the mycobacterium *E*~MSH~ is oxidizing (−240 mV), only 50% of FadA5 is expected to be active. Thus, the generation of acetyl-CoA and propionyl CoA, products of *Mtb* cholesterol β-oxidation, would be reduced, but not eliminated, in activated macrophages where oxidative stress is dominant. Redox control of lipid anabolism in *Mtb* is primarily controlled by WhiB3.^[@ref16]^*whiB3* is induced by cholesterol^[@ref4]^ highlighting the tight linkage between generation of lipid precursors and lipid biosynthesis as a function of the mycobacterial microenvironment which in turn is determined by the state of the infected macrophage.

Conclusion {#sec3}
==========

FadA5's catalytic activity is controllable by a thiol redox switch. Importantly, formation of the catalytically inactive FadA5 requires the formation of two disulfide bonds. One disulfide bond is in the active site and directly blocks FadA5 catalytic activity. The second disulfide bond resides at the dimer interface adjacent to a strand-loop-helix motif that undergoes a domain swap upon oxidation. This motif is unique within the FadA5 subfamily.

Formation of the second disulfide is required for poising the FadA5 midpoint potential at −223 mV, which is close to the potential of intracellular mycobacteria exposed to low pH and oxidative stress. The shifted midpoint potential and unique motif compared to other redox-controlled thiolases suggests a role for adjusting cholesterol metabolite flux between precursor generation for ATP and lipid generation and alternative pathways. We propose that cholesterol metabolites may be used to combat the environmental stresses encountered in activated macrophages. In support of this concept, the *fadA5* mutant does not accumulate apparent upstream metabolites when grown on cholesterol,^[@ref4]^ suggesting they may be utilized in alternate pathways when FadA5 activity is curtailed. Further elucidation of potential alternate pathways is currently underway.

Experimental Procedures {#sec4}
=======================

Materials and Methods {#sec4.1}
---------------------

The C91A and C93A mutants were prepared as described for C93S FadA5 by quick-change mutagenesis.^[@ref11]^ The protein was purified as described in Schaefer et al.^[@ref11]^ with the exception that the protein was eluted from the size exclusion column with a buffer containing 60 mM bicine--NaOH, pH 8.5, and 250 mM NaCl. 3,22-dioxo-chol-4-ene-24-oyl-CoA was prepared as described.^[@ref11]^

Redox-Controlled FadA5 Activity Measurements {#sec4.2}
--------------------------------------------

FadA5 and the C91A mutant were assayed for thiolytic activity with 3,22-dioxo-chol-4-ene-24-oyl-CoA and CoA as substrates under different redox conditions. The thiolytic activity was followed at 303 nm using a UV/vis spectrophotometer (Shimadzu Scientific Instruments) at 30 °C by monitoring the disappearance of the Mg^2+^-3,22-dioxo-chol-4-ene-24-oyl-CoA complex.^[@ref4],[@ref27]^ The assay was carried out with 28 nM WT FadA5 or C91A in 100 mM HEPES, pH 7.0, containing 25 mM MgCl~2~, 10 μM 3,22-dioxo-chol-4-ene-24-oyl-CoA, and 10 μM CoA. FadA5 and C91A were preincubated in redox buffers (pH = 7.0) with different ratios of CSSC and CSH. The total sulfur concentration of CSSC and CSH buffers was kept constant at 20 mM. The reaction was also analyzed by MALDI-TOF spectrometry (Bruker Autoflex II TOF/TOF) to confirm the formation or absence of thiolytic products. The midpoint reduction potential of WT FadA5 was determined by fitting the percentage of reduced WT FadA5 against the buffer reduction potential *E* with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} where *L* is the curve's maximum value, *k* is the steepness of the curve, and *E*~1/2~ is the midpoint reduction potential.

Circular Dichroism Experiments {#sec4.3}
------------------------------

Measurements were performed with FadA5 WT as well as the C93A and C91A mutants at 20 °C using 4.4 to 6.3 μM protein. Prior to the experiment, the proteins, FadA5 WT, C93A, and C91A, were dialyzed into a buffer containing 10 mM Na/K phosphate, pH 7.5. To compare the protein folding in the oxidized, reduced, and native state, a third of the protein sample was preincubated with a 1000-fold molar excess of cystamine or a 2000-fold molar excess of cysteamine, for 1 h at 25 °C each. To reduce the background signal by the reagents, they were removed by extensive buffer exchange. The samples were then centrifuged for 30 min at 16 100 × *g* to remove dust particles or precipitated protein. Measurements were performed in 1 mm cuvettes employing a Jasco J-810 spectrometer at 20 °C using 4.4--6.3 μM protein. The spectrum was measured at wavelengths from 260 to 185 nm with a data pitch of 0.5 nm and a scan speed of 50 nm/min. The bandwidth was 1 nm; the response was 1 s, and the data were registered with standard sensitivity. Ten spectra were accumulated to optimize the signal-to-noise ratio. Finally, the spectra were corrected by the buffer only control and normalized.

Thermofluor Analysis {#sec4.4}
--------------------

To analyze the protein's stability,^[@ref28]^ FadA5 WT, C93A, and C91A were preincubated with a 1000-fold molar excess of CSSC or a 2000-fold molar excess of CSH in different buffers for 1 h at 25 °C. The final concentration of the protein in every setup was 2.5 mg/mL. After incubation, the protein was analyzed in the presence and absence of the respective agent and compared to the unmodified, native protein samples. All protein samples were mixed with 0.1% (v/v) Sypro Orange and the respective protein buffer (10 mM Na/K phosphate, pH 7.5, or 20 mM bicine--NaOH, pH 8.5, 250 mM NaCl) for analysis. Protein unfolding was performed and monitored with the Stratagene Mx3005P qPCR System from Agilent Technologies. The experiments were executed utilizing a temperature gradient ranging from 25 to 95 °C with steps of 1 °C per minute and subsequently analyzed with the MxPro QPCR Software.

FadA5 Crystallization {#sec4.5}
---------------------

The detailed crystallization and cryoprotectant conditions are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. FadA5 WT apo (12 mg/mL) was mixed in a one to one ratio with the crystallization buffer and was set up for crystallization at 20 °C. The crystals grew after approximately 5 months. Prior to flash-freezing, the crystals were briefly transferred into a cryoprotectant solution. A native data set was collected at a wavelength of 0.873 Å at the ESRF beamline ID23-2 with a 225 mm MarMOSAIC detector, and an anomalous data set was collected at the ESRF ID29 beamline at a wavelength of 1.800 Å with a Pilatus 6 M detector.

Structure Determination {#sec4.6}
-----------------------

The native data set was integrated with iMosflm^[@ref29]^ and scaled with Aimless.^[@ref30]^ Phasing was performed by molecular replacement with Phaser^[@ref31]^ using chain A from the FadA5 C93S mutant structure with bound steroid and CoA but excluding ligands and solvent molecules (PDB entry 4UBT) as a search model. Manual model building was performed with Coot,^[@ref32]^ and the structure was further refined with Refmac5.^[@ref33]^ MolProbity^[@ref21]^ analysis was performed to validate the structure. Figures of the structure were generated using PyMOL^[@ref34]^ after secondary structure assignment by DSSP.^[@ref35],[@ref36]^ The anomalous data set was integrated with XDS^[@ref37]^ and scaled with Aimless.^[@ref30]^ This data set was used to generate anomalous maps with the help of Cad and FFT (CCP4 package^[@ref20]^) to display the location of the sulfur atoms.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsinfecdis.7b00072](http://pubs.acs.org/doi/abs/10.1021/acsinfecdis.7b00072).FadA5-catalyzed reaction and MALDI-TOF spectrometric analysis; additional comparisons and electron density maps for the oxidized FadA5 protein ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsinfecdis.7b00072/suppl_file/id7b00072_si_001.pdf))
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Atomic coordinates and structure factors for WT apo II FadA~5~ have been deposited in the Protein Data Bank with accession code 5ONC.
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